###### Key messages

Vascular endothelial growth factor (VEGF)-D and CCL21 in bronchalveolar lavage fluid (BALF) is elevated in hypersensitivity pneumonitis (HP), and correlated with inflammatory and functional severities of HP.VEGF-D might be a useful marker for the diagnoses of HP and assessment of HP severity.CCR7-CCL21 signals are related to HP pathogenesis.

Introduction {#s1}
============

Hypersensitivity pneumonitis (HP) is a pulmonary disease caused by the inhalation of an antigen to which the patient has been previously sensitised. Acute-onset and subacute-onset diseases represent the most active forms of this condition, which is often complicated by moderate to severe respiratory failure.[@R1] Pulmonary function test results are characterised by a restrictive functional pattern that is occasionally complicated by obstructive impairment.[@R2] [@R3] Furthermore, remarkable increases have been noted in the total cell and lymphocyte counts in bronchoalveolar lavage fluid (BALF).[@R4] The characteristic histopathological feature is a granulomatous interstitial bronchiolocentric pneumonitis that mainly involves lymphocytes and histiocytes.[@R5] In the host, the presentation of causative antigens is of pivotal importance to HP pathogenesis.[@R8] Interactions between the causative antigens and antigen-presenting cells regulate the differentiation of CD4^+^ T cells into various effector subsets in the regional lymph nodes.[@R1] Crucially, only very few individuals with previous antigen sensitisation develop clinically detectable disease. A 2-hit hypothesis has been suggested to interpret this intriguing observation; specifically, antigen exposure acts as the inducing factor, whereas genetic and environmental factors act as promoting risk factors.[@R1]

Lymphatic vessels are the principal conduits for the transport of soluble antigens and antigen-presenting cells from peripheral tissues to the lymph nodes in order to mount immune responses.[@R11] Lymphangiogenesis occurs in various pathological conditions, including inflammation, wound healing and tumour metastasis, and it promotes immune responses. Vascular endothelial growth factor (VEGF)-C and VEGF-D generally induce lymphangiogenesis, and macrophages are a major source of these mediators in inflamed tissues.[@R12] VEGF-A also substantially participates in lymphangiogenesis, although this factor typically induces angiogenesis.[@R16] Recently, there has been increasing evidence that lymphatic endothelial cells express a variety of chemokines and cell surface markers.[@R17] CCL21 (also known as the secondary lymphoid chemokine), which is exclusively secreted by lymphatic endothelial cells in afferent lymphatic vessels, attracts activated antigen-presenting cells that express the CCL-21 receptor CCR7, and CCL21-CCR7-mediated signalling can function as an active regulator of immune responses.[@R20] [@R21]

Lymphangiogenic factors have been recently investigated in some lung diseases, including lung cancer, lymphangioleiomyomatosis and pulmonary sarcoidosis, for which the pathogenic roles of lymphangiogenesis and clinical adaption have been explored.[@R18] [@R22] However, limited information is available about the role of lymphangiogenesis in HP. It would be rational to hypothesise that lymphangiogenesis is involved in the development of this extrinsic allergic disease. In the present study, we aimed to clarify the clinical significance of lymphangiogenic factors in acute and subacute-onset HP by quantifying the expression of the three lymphatic VEGFs and CCL21 and evaluating the correlations of these factors with HP severity.

Materials and methods {#s2}
=====================

Materials {#s2a}
---------

We retrospectively examined the serum and BALF samples from 26 patients with acute or subacute-onset HP who had never been treated for this condition; samples from patients with chronic HP were excluded from this study. We used serum and BALF samples from 14 patients with idiopathic pulmonary fibrosis (IPF) and 29 healthy volunteers as controls. HP was diagnosed in all patients according to the criteria proposed by Richerson *et al*.[@R25] The samples were obtained from the archives of the Departments of Pulmonary Medicine, Allergy and Rheumatology at Iwate Medical University, Japan. The use of all samples in this study was approved by The Ethical Committees of Iwate Medical University (IRB: H25-1). Informed consent was obtained from all patients and volunteers.

Pulmonary function tests {#s2b}
------------------------

The vital capacity (VC), forced expiratory volume in 1 s (FEV~1~), diffuse capacity of the lung for carbon monoxide (DLco), and total lung capacity (TLC) were measured according to the American Thoracic Society guidelines.[@R26] These values were also expressed as percentages of the predicted normal values calculated according to sex, weight and age.[@R27] The values are shown as means±SDs. Six patients with HP did not participate in all pulmonary function tests.

Processing of serum and BALF samples {#s2c}
------------------------------------

Serum samples were obtained by centrifuging peripheral blood at 3000 rpm for 15 min at 4°C. BALF samples were obtained from both patients with IPF and HP and normal healthy volunteers, according to previously described methods.[@R18] Briefly, a flexible bronchoscope was wedged into a subsegmental bronchus in a predetermined region of interest based on radiographic findings. Bronchoalveolar lavage (BAL) was performed by instilling a total volume of 150 mL of normal saline in 50 mL aliquots, each of which was retrieved via low suction. The BALF mean (SD) recovery rates were 81% (8.9%) in healthy volunteers, 36% (5.2%) in patients with IPF and 47.7% (3.2%) in patients with HP; the recovery rate in each group satisfied the BAL criteria for interstitial lung disease as recommended by the American Thoracic Society.[@R28] The cell pellets were resuspended in 1 mL of phosphate-buffered saline, and an aliquot was used to evaluate the total number of cells. Other aliquots were fixed, subjected to May-Giemsa staining and used for differential cell counting. The cell count values were recorded as means±SD. The BALF fractions were pooled and divided equally into two samples. One sample was sent to the clinical microbiology and cytology laboratory, and the other was placed on ice and transported to the research laboratory. The research sample was filtered through sterile gauze and centrifuged for 10 min at 500 *g* at 4°C. The resulting cell-free solution was aliquoted and frozen immediately at −80°C until thawed for cytokine ELISA analysis.

Immunoassay {#s2d}
-----------

The cytokine levels in the serum and BALF samples were determined by using VEGF-A, VEGF-C and VEGF-D Quantikine ELISA kits purchased from R&D Systems (Minneapolis, Minnesota, USA) and a CCL21 kit from Abcam (Cambridge, UK). The BALF levels of the 3 VEGF types were determined in samples that had been concentrated fivefold by using Minicon B15 concentrators (Merck Millipore, Billerica, Massachusetts, USA).[@R18] Standard curves were plotted using known recombinant protein concentrations ranging from 0 to 1000 pg/mL. The lower limits of detection of the kits were as follows: VEGF-A, 15.6 pg/mL; VEGF-C, 109.0 pg/mL; VEGF-D, 125.0 pg/mL; and CCL21, 3.8 pg/mL. The standards and samples were analysed in duplicate. In particular, we performed spiking and recovery assay in BALF CCL21 using the BALF samples obtained from five healthy volunteers and the ELISA kit, because the measurement of CCL21 in BALF was not standardised. The recovery rate was 94.9% (±4.5%), indicating that the measurement of BALF CCL21 using this kit was valid.

Immunohistochemistry {#s2e}
--------------------

We examined lung specimens of patients with HP (n=8), obtained by TBLB, and patients with IPF (n=10), obtained by video-assisted thoracic surgery. We used the primary antibodies against podoplanin (Angiobio, Del Mar, California, USA; dilution 1:100), CCL21 (R&D Systems; dilution 1:50) and CCR7 (R&D Systems; dilution 1:50). Podoplanin and CCL21 are antibodies immunized by mouse, whereas CCR7 is a goat antibody. The antigen-antibody reaction was visualised using 3,3′-diaminobenzidine tetrahydrochloride. Dual immunohistochemical staining with podoplanin and CCR7 was performed as described previously.[@R18]

Statistical analysis {#s2f}
--------------------

A one-way analysis of variance followed by the Tukey test was used for analysing the variances among multiple groups. The Spearman rank correlation coefficient (r) was used to evaluate the relationship between (1) the levels of the three VEGF proteins and CCL21, and (2) the HP severity based on pulmonary function test results and BALF cell counts. The samples with levels below the lower detection limit values were included in the correlation coefficient analyses. A p value of \<0.05 was considered statistically significant. Missing data were managed by removing data units.

Results {#s3}
=======

Patient characteristics {#s3a}
-----------------------

The characteristics and BALF data of the healthy volunteers, patients with IPF and patients with HP are summarised in [table 1](#BMJRESP2015000085TB1){ref-type="table"}. The healthy volunteers were never-smokers and significantly younger relative to patients with HP and IPF (p\<0.001). The sex distribution was not uniform among patients with IPF and HP. Among the three groups, the counts of total cells, macrophages and lymphocytes in BALF were significantly elevated in patients with HP (p\<0.0001). The following clinical conditions were present in the 26 patients with HP: farmer\'s lung (n=15), mushroom lung (n=4), bird-related lung (n=4) and summer type (n=3). Among the 26 patients with HP, 7 and 19 patients had acute-onset and subacute-onset diseases, respectively.

###### 

Characteristics of healthy volunteers and patients with idiopathic pulmonary fibrosis (IPF) and hypersensitivity pneumonitis (HP)

                                    Healthy control   IPF         HP          p Value
  --------------------------------- ----------------- ----------- ----------- ----------
  Subjects (n)                      29                14          26          --
  Age (years)                       25.9±7.51         68.1±1.7    61.7±2.51   p\<0.001
  Sex                                                                         
   Female                           12 (41.4)         6 (42.9)    11 (42.3)   NS
   Male                             17 (58.6)         8 (57.1)    15 (57.7)   NS
  Smoker                            0                 7 (50.0)    9 (34.6)    
  Type of disease onset                                                       
   Acute                            ND                0           7 (26.9)    --
   Non-acute                        ND                14 (100)    19 (73.1)   --
  VC (% pred)                       ND                74.9±6.98   82.0±4.90   NS
  FEV~1~ (% pred)                   ND                82.7±1.43   79.3±3.73   NS
  TLC (% pred)                      ND                71.9±6.89   67.7±12.7   NS
  DLco (% pred)                     ND                66.8±6.02   67.9±6.60   NS
  Total cell counts (10^4^/mm^2^)   6.64±5.7          9.39±1.84   28.5±5.54   p\<0.001
  Differential cell count                                                     
   Macrophage (%)                   87.5±15.1         78.1±5.47   43.8±4.26   p\<0.001
   Lymphocyte (%)                   7.19±4.96         17.5±5.53   52.5±1.83   p\<0.001
   Neutrophil (%)                   0.74±0.80         2.58±0.39   2.06±0.41   NS
   Eosinophil (%)                   0.24±0.36         2.19±0.09   1.34±0.63   NS
  CD4/8 ratio                       ND                1.87±0.06   2.22±0.40   NS

Data are shown as means±SDs. Brackets indicate percentages.

p Values were calculated by comparing patients with HP with healthy volunteers and patients with IPF by using Tukey\'s test.

DLco, diffusing capacity of the lungs for carbon monoxide; FEV~1~, forced expiratory volume in 1 s; ND, not determined; NS, no statistical significance; TLC, total lung capacity; VC, vital capacity.

Characterisation of expression of the three VEGF types in patients with HP {#s3b}
--------------------------------------------------------------------------

### Serum VEGF and BALF levels as measured by ELISA {#s3b1}

The serum levels of the three VEGF types showed significant increases in patients with HP compared to healthy volunteers ([figure 1](#BMJRESP2015000085F1){ref-type="fig"}). No differences were observed in the serum VEGF-C and VEGF-D levels between patients with HP and patients with IPF ([figure 1](#BMJRESP2015000085F1){ref-type="fig"}). The BALF VEGF-A level did not differ among the three groups ([figure 2](#BMJRESP2015000085F2){ref-type="fig"}A). The BALF VEGF-C and VEGF-D levels were significantly elevated in patients with HP compared to healthy volunteers. Furthermore, the BALF VEGF-D levels were significantly elevated in patients with HP compared to patients with IPF ([figure 2](#BMJRESP2015000085F2){ref-type="fig"}C). To confirm the absence of an inflammatory gradient in patients with HP, we explored the correlation between the serum and BALF levels of the three growth factors. No correlation was detected for VEGF-A, VEGF-C and VEGF-D levels (r=0.29, p=0.15; r=0.014, p=0.941; and r=0.306, p=0.129, respectively).

![Comparison of the serum levels of the three vascular endothelial growth factor (VEGF) types in healthy volunteers and patients with idiopathic pulmonary fibrosis (IPF) and hypersensitivity pneumonitis (HP). (A) The serum VEGF-A level was significantly reduced in patients with IPF compared to healthy volunteers (p\<0.05). (B) The serum VEGF-C levels were significantly elevated in patients with HP compared to those with the other groups (p\<0.001). (C) The serum VEGF-D levels did not differ among the three groups. \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05.](bmjresp2015000085f01){#BMJRESP2015000085F1}

![Comparison of the bronchoalveolar lavage fluid (BALF) levels of the three vascular endothelial growth factor (VEGF) types in healthy volunteers and patients with idiopathic pulmonary fibrosis (IPF) and hypersensitivity pneumonitis (HP). (A) There were no differences in the BALF VEGF-A levels among the three groups. (B, C) The BALF VEGF-C and VEGF-D levels were below the lower detection limits in many subjects from the three groups. The BALF VEGF-C level was significantly elevated in patients with HP compared to healthy volunteers; however, no difference was detected between patients with HP and patients with IPF. The BALF VEGF-D level was significantly elevated in patients with HP compared to patients in the other two groups. \*\*p\<0.01, \*p\<0.05.](bmjresp2015000085f02){#BMJRESP2015000085F2}

### Correlation between VEGF levels and HP severity {#s3b2}

The serum levels of the three VEGF types were not correlated with the pulmonary function tests and cell counts in BALF samples. The BALF VEGF-D levels were correlated with the total cell and lymphocyte counts in BALF samples (r=0.485, p=0.014 and r=0.717, p\<0.0001, respectively; [table 2](#BMJRESP2015000085TB2){ref-type="table"}).

###### 

Correlation of bronchoalveolar lavage fluid (BALF) vascular endothelial growth factor (VEGF)-D and BALF CCL21 with disease severity in hypersensitivity pneumonitis

                                   BALF VEGF-D   BALF CCL21            
  -------------------------------- ------------- ------------ -------- -------
  VC (% pred)                      0.196         NS           −0.306   NS
  FEV~1~ (% pred)                  −0.369        NS           −0.662   0.007
  TLC (% pred)                     0.061         NS           −0.298   NS
  DLco (% pred)                    0.081         NS           −0.671   0.024
  Total cell count (10^4^/mm^2^)   0.485         0.014        0.202    NS
  Macrophage (10^4^/mm^2^)         0.223         NS           0.333    NS
  Lymphocyte (10^4^/mm^2^)         0.717         \<0.0001     0.143    NS
  CD4/8 ratio                      −0.029        NS           0.256    NS

BALF, bronchoalveolar lavage fluid; DLco, diffusion capacity of the lung for carbon monoxide; FEV~1~, forced expiratory volume in 1 s; NS, not statistically significant; TLC, total lung capacity; VC, vital capacity; VEGF-D, vascular endothelial growth factor-D.

Characteristics of CCL21 expression in HP {#s3c}
-----------------------------------------

### Quantification of serum and BALF CCL21 as measured by ELISA {#s3c1}

We also measured the levels of lymphovascular endothelial-related chemokine CCL21 in each group because the levels of lymphangiogenic factors, such as VEGF-D, were significantly elevated in patients with HP. No significant difference was observed in the serum CCL21 levels among the three groups ([figure 3](#BMJRESP2015000085F3){ref-type="fig"}A). The BALF CCL21 levels were significantly increased in patients with HP and IPF compared to healthy volunteers; however, the BALF CCL21 levels were not different between patients with HP and IPF ([figure 3](#BMJRESP2015000085F3){ref-type="fig"}B). No correlation was detected between the serum and BALF CCL21 levels (r=0.185, p=0.386).

![Comparison of the serum and bronchoalveolar lavage fluid (BALF) levels of CCL21 among healthy volunteers and patients with idiopathic pulmonary fibrosis (IPF) and hypersensitivity pneumonia (HP). (A) The serum CCL21 levels showed no difference among the three groups. (B) The BALF CCL21 levels were significantly elevated in patients with IPF and HP compared to healthy volunteers, although no difference was observed between patients with HP and patients with IPF. \*\*\*p\<0.001.](bmjresp2015000085f03){#BMJRESP2015000085F3}

### Correlation between CCL21 levels and HP severity {#s3c2}

The BALF CCL21 levels were negatively correlated with %FEV~1.0~ and %DLco (r=−0.662, p=0.007 and r=0.671, p=0.024, respectively); however, serum CCL21 levels were not correlated with any factors of disease severity ([table 2](#BMJRESP2015000085TB2){ref-type="table"}). A strong correlation was observed between the BALF CCL21 and BALF VEGF-C levels (r=0.769, p\<0.0001), but there was no correlation between the BALF CCL21 and BALF VEGF-D levels (r=0.266, p=0.501).

### Immunohistochemical characterisation of CCL21 expression and CCR7^+^ cells in patients with HP and IPF {#s3c3}

According to the results from the immunohistochemical analyses using serial sections and primary antipodoplanin and anti-CCL21 antibodies, CCL21 was exclusively expressed in podoplanin-positive lymphatic vessels in patients with HP ([figure 4](#BMJRESP2015000085F4){ref-type="fig"}A, B). Similarly, CCL21 was also expressed in lymphatic vessels of massive fibrotic lesions in patients with IPF ([figure 4](#BMJRESP2015000085F4){ref-type="fig"}C, D). However, CCR7^+^ (a receptor of CCL21) cells are numerously observed near lymphatic vessels in the HP sections ([figure 5](#BMJRESP2015000085F5){ref-type="fig"}), but barely in the lung specimens obtained from patients with IPF (data not shown).

![Immunohistochemical characterisation of CCL21 expression. (AD) are serial sections stained for podoplanin (A and C) and CCL21 (B and D). CCL21 was exclusively expressed in the podoplanin^+^ existing lymphatic vessels in the HP sections (*arrows* in A and B). Scale bar, 100 µm. In IPF, CCL21 expression was detectable in the podoplanin^+^ newly formed lymphatic vessels in the massive fibrotic lesions HP (*arrows* in D). Scale bar, 100 µm. All sections were counterstained by resorcin-fuchsin and haematoxylin.](bmjresp2015000085f04){#BMJRESP2015000085F4}

![Immunohistochemical characterisation of CCR7 expression. CCR7^+^ cells (*red, arrowheads*) were observed around the podoplanin^+^ lymphatic in the HP sections (*brown, arrows*). Scale bar, 100 µm. The section was counterstained by resorcin-fuchsin and haematoxylin.](bmjresp2015000085f05){#BMJRESP2015000085F5}

Comparison of the BALF lymphangiogenic factor levels among HP subtypes {#s3d}
----------------------------------------------------------------------

No difference was observed in the BALF VEGF-D and CCL21 levels among the four subtypes in patients with HP (see online supplementary figure S1).

Discussion {#s4}
==========

No information is available regarding the involvement of lymphatic VEGFs in HP. In this study, the BALF VEGF-D levels were elevated in patients with HP compared to the other groups (ie, healthy controls and patients with IPF). Additionally, we demonstrated a significant correlation between the BALF VEGF-D levels and HP inflammatory severity. However, the serum VEGF-A levels were increased in patients with HP compared to patients with IPF, but no difference was detectable in the BALF VEGF-A levels. The BALF VEGF-C and CCL21 levels were increased in HP relative to healthy volunteers, although there was no difference between patients with HP and IPF. According to our findings, BALF VEGF-D among these lymphangiogenic factors is of importance in HP, and might be a useful marker for the diagnoses of HP and assessment of HP severity.

Although no difference was observed in the BALF levels between patients with HP and IPF, we could not ignore the relevance of VEGF-C and CCL21 in HP. There has been increasing experimental evidence that dendritic cells play a pivotal role in HP pathogenesis.[@R8] In this study, the BALF CCL21 levels were more elevated in patients with HP compared to healthy volunteers, and BALF CCL21 expression was associated with the severity of HP. In addition, CCL21 was exclusively expressed in the lymphatic endothelium in our immunohistochemistry analyses, whereas CCR7^+^ cells numerously aggregated around lymphatic vessels. According to these findings, elevated CCL21 expression facilitates the trafficking of CCR7^+^ antigen-presenting cells into the regional lymph nodes in HP. VEGF-C/VEGF-D/vascular endothelial growth factor receptor-3 (VEGFR-3) signalling was also reported to regulate CCL21 production in a mouse cardiac allograft model, although VEGF-C and VEGF-D generally induce lymphangiogenesis by the proliferation of lymphatic endothelial cells via VEGFR-3 signalling.[@R29] In that model, the inhibition of VEGF-C/VEGF-D/VEGFR-3 signalling produced a beneficial effect against the rejection response to allograft transplantation, along with decreased CCL21 expression. In this study, a strong correlation was observed between BALF CCL21 and BALF VEGF-C levels in patients with HP. Therefore, it is possible to presume that the elevated levels of lymphangiogenic factors in extrinsic allergic alveolitis facilitate lung CCL21 expression and consequently accelerate HP. It is important to note that the lymphangiogenic factors induce the expansion of passive conduits that transport inflammatory cells from the lungs into the regional lymph nodes, but might also actively regulate antigen-presenting cell trafficking during HP development. We could not elucidate whether VEGF-C and VEGF-D have different roles in the development of HP.

We observed a significant elevation in the BALF CCL21 levels in patients with IPF compared to healthy volunteers. The immunohistochemical expression of CCL21 was also detectable in lymphatic vessels within massive fibrotic lesions of IPF, but CCR7^+^ cells were barely observed in the IPF sections. IPF is characterised by spatial and/or temporal heterogeneity in inflammation and fibrosis.[@R30] [@R31] Marchal-Sommé *et al*[@R32] reported the potential for dendritic cells to be involved in the pathogenesis of IPF, suggesting that IPF also represents an aspect of immune disease. However, Pierce *et al*[@R33] reported that CCR7 was highly expressed on primary fibroblasts grown from IPF surgical lung biopsy specimens, which exhibited significant migratory and proliferative responses to CCL21 exposure. Additionally, Pierce *et al*[@R34] reported that the intravenous administration of these fibroblasts into immunodeficient beige mice-induced pulmonary fibrosis and the immunoneutralisation of CCR7 or CCL21 could attenuate this experimental fibrosis. Furthermore, several investigators have suggested that active lymphangiogenesis was immunohistochemically associated with massive fibrogenesis in IPF.[@R35] [@R36] CCL21--CCR7 signalling appears to directly facilitate fibrogenesis in pulmonary fibrosis; however, the role of this signalling in the immune response in IPF was not determined.

The BALF CCL21 levels were negatively correlated with the %FEV~1.0~. In patients with HP, the results of the pulmonary function tests are usually characteriszed by a restrictive functional pattern.[@R2] However, farmer\'s lung has been reported to complicate obstructive impairment.[@R3] In this study, more than half of the patients with HP presented with farmer\'s lung. Therefore, the correlation of the CCL21 levels with the %FEV~1.0,~ but not %VC, might be attributable to the patient composition in our study.

To the best of our knowledge, this was the first report in which a close relationship between lymphangiogenic factors and HP was determined. In particular, VEGF-D is important in HP and might be a marker for HP diagnoses and evaluation of HP severity. We were able to provide a new perspective for understanding the mechanism of HP pathogenesis and facilitate further investigations concerning lymphangiogenesis in this complex disorder. The relatively small sample sizes in this study may impose a limitation on the interpretation of our results. Independent replication of this study\'s findings would be required to certainly determine the relationships between BALF VEGF-D and CCL-21, and HP diagnosis and severity.
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